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Abstract 

Several  18650  lithium-ion  batteries  using  LiCo02,  LiMn204,  and  LiFeP04  as  cathode  materials  were  assembled  separately.  Gas  species  of 
these  batteries  under  normal  cycling  and  overcharging  to  4.5  and  5.0  V  conditions  were  examined  by  means  of  GC-MS  method.  Under  the 
normal  charge  and  discharge  voltage  range,  it  is  found  that  gas  components  are  independent  to  the  cathode  materials.  C2H5F  gas  was  detected 
in  all  cases.  A  formation  mechanism  is  proposed.  Under  overcharging  condition,  it  is  found  that  the  gas  components  are  different  and  there  is 
a  correlation  between  the  C2H2  product  and  the  oxidation  ability  of  various  delithiated  cathode  materials. 
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1.  Introduction 

Lithium-ion  batteries  are  widely  used  from  portable  elec¬ 
tronic  devices  to  electric  vehicles.  The  safety  of  lithium-ion 
batteries,  especially  under  abusive  conditions,  is  a  primary 
concern  of  battery  manufacturers  and  their  customers.  In  par¬ 
ticular,  the  safety  of  overcharged  batteries  is  an  important  as¬ 
pect  for  the  evaluation.  In  general,  the  safety  state  of  lithium- 
ion  batteries  under  overcharge  condition  is  determined  by  the 
thermal  behaviors  and  gas  generation  behaviors,  including 
the  quantity  and  the  nature  of  generated  gases,  of  the  batter¬ 
ies  [1,2].  The  thermal  behaviors  and  their  infection  to  battery 
safety  for  various  cathode  materials  have  been  studied  by 
many  researchers  [1,3,4].  For  the  gas  generation  behaviors, 
many  studies  were  focused  on  the  reactions  between  carbona¬ 
ceous  anode  and  the  electrolyte.  It  is  known  that  the  main  ori¬ 
gin  of  gas  evolution  is  related  to  the  reactions  for  forming  the 
solid  electrolyte  interphase  (SEI)  films  [5,6].  However,  the 
gas  generation  behaviors  in  practical  lithium-ion  batteries, 
especially  the  influence  from  the  different  cathode  materi¬ 
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als,  are  still  not  clear.  There  are  a  few  experimental  results 
on  LiCoC>2  cathode  materials.  It  is  known  that  oxygen  can 
be  generated  during  overcharge  and  it  can  oxidize  the  elec¬ 
trolyte  to  form  CO2  [7].  Gas  species,  i.e.  CH4,  CO,  CO2,  O2, 
C2H6,  C2H4,  C3H8,  and  C3H6  were  detected  out  by  GC-FID 
technique  [5].  LiMn204  and  LiFeP04  are  both  promising 
cathode  materials  for  lithium-ion  batteries,  because  of  their 
low  cost,  non-toxicity,  and  relative  high  safety  in  comparison 
with  LiCo02.  Therefore,  it  is  interesting  and  important  to  un¬ 
derstand  the  relationship  between  gas  generation  behaviors 
and  these  cathode  materials  in  practical  batteries. 

In  this  paper,  gas  generation  behaviors  of  various  cathode 
materials  in  18650  batteries  under  normal  cycling  and  over¬ 
charge  conditions  have  been  investigated  by  using  GC-MS 
technique. 


2.  Experimental 

2.7.  Electrode  preparation 

The  cathode  materials,  i.e.  LiCoC>2  (Nippon  chemical), 
LiMn204  (Nippon  chemical),  and  LiFePCL  (Valance)  were 
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Table  1 

The  basic  design  parameters  of  the  batteries  with  different  cathodes 


Chemical  system 
of  battery 

Weight  ratio  of  active 
materials  of  anode 

and  cathode 

Designed  capacity 
of  battery  (mAh) 

CMS/LiCoC>2 

1:2.1 

1100 

CMS/LiMn2C>4 

1:2.7 

700 

CMS/LiFeP04 

1:2.1 

1000 

commercial  products.  Cathodes  were  prepared  by  pasting 
the  slurry  composed  of  the  active  material  powder  with  5% 
polyvinylidene  fluoride  (PVDF),  and  4%  acetylene  black  and 
2%  graphite  in  a  V-methyl  pyrrolidone  (NMP)  solvent  onto 
both  sides  of  Al  foil  with  20  [xm  thickness.  The  total  thick¬ 
ness  of  the  cathode  foil  is  170  [xm.  In  the  case  of  LiFePCU, 
the  particles  were  coated  with  6.5  wt.%  carbon  in  advance. 
The  anodes  were  prepared  by  pasting  the  slurry  of  carbon  mi¬ 
crospheres  (CMS)  (G15,  Shanshan  Keji)  with  5%  PVDF  and 
4%  acetylene  black  onto  both  sides  of  Cu  foil  with  thickness 
of  15  |xm.  The  total  thickness  of  the  anode  foil  is  150  |xm. 

2.2.  Battery  preparation  and  measurements 

The  membrane  electrode  assembly  (MEA)  for  18650  bat¬ 
teries  were  wound  semi-automatically  by  a  winding  machine 
and  a  25  [xm-thick  porous  polyethylene  film  (Celgard  2325) 
was  used  as  separator.  The  MEA  was  put  into  the  18650  bat¬ 
tery  can.  After  drying  under  vacuum  at  100  °C  for  12  h,  the 
electrolyte  was  injected  and  then  the  test  battery  was  sealed. 
Battery  assembly  was  conducted  at  20  °C  in  a  dry -room  with 
relative  humidity  (RH)  <  2%.  The  electrolyte  is  1  M  LiPF6 
dissolved  in  a  ethylene  carbonate  (EC): dimethyl  carbonate 
(DEC)  solvent  (1:1  in  volume).  In  order  to  prevent  the  de¬ 
position  of  metal  lithium  on  the  surface  of  the  anode  during 
overcharging,  the  cathode  was  used  as  the  capacity-limited 
electrode  in  the  battery.  The  basic  design  parameters  are  listed 
in  Table  1 .  It  should  be  mentioned  that  for  the  convenience  of 


testing  the  gas  species,  the  height  of  the  electrodes  inside  the 
batteries  and  the  capacity  of  batteries  were  reduced  properly 
compared  to  standard  18650  batteries. 

A  small  hole  was  drilled  on  the  cap  of  the  battery  in  ad¬ 
vance  for  the  GC-MS  gas  collection.  The  battery  inside  the 
can  was  sealed  by  an  internal  Al-plastic  membrane. 

After  assembling,  the  batteries  were  cycled  for  one  time 
with  0.1C  rate  in  the  voltage  range  of  2.7  V  desired  voltage 
(for  LiFePC>4  it  was  3.65  V,  for  LiMn204  it  was  4.3  V,  for 
LiCoC>2  it  was  4.2  V)  to  form  stable  SEI  layer  on  the  surface 
of  electrodes.  Then  the  batteries  were  charged  and  discharged 
in  the  same  voltage  range  for  100%  DOD  at  0.2C  rate.  After 
three  cycles,  the  batteries  were  kept  either  at  charged  state,  or 
overcharged  to  preset  voltages  using  0.2C  constant  current, 
and  then  charged  under  constant  voltage  until  the  current 
was  decreased  below  0.05  C.  All  electrochemical  experiments 
were  carried  out  at  room  temperature  and  ambient  conditions. 
After  normal  charging  or  overcharging,  the  batteries  were 
used  for  GC-MS  measurements. 

2.3.  GC-MS  measurements 

Gas  chromatography  was  carried  out  on  a  Trance  2000 
series  GC  instrument  (Finnigan  Inc.).  The  temperature  of  the 
GC  oven  was  set  at  50  °C  and  the  inlet  temperature  was  50  °C 
for  the  gas  samples.  Helium  (He)  was  used  as  carrier  gas.  The 
species  from  the  column  outlet  were  continuously  ionized  and 
analyzed  with  Trance  MS  mass  spectrometer  (Finnigan).  The 
ionization  voltage  and  emission  current  were  set  at  70  V  and 
350  jxA,  respectively.  The  range  of  mass  collection  was  set  to 
be  10-190  amu  (atomic  mass  unit)  for  the  gas  samples.  The 
range  of  retention  time  (RT)  was  0-20  min  for  the  gas.  The 
setup  of  the  retention  time  range  was  determined  by  extending 
the  retention  time  to  30  min  and  making  sure  that  no  species 
could  be  detected  out  after  20  min  for  the  gas  samples. 

After  normal  charging  or  overcharging,  the  gas  generated 
in  the  battery  was  collected  using  a  100  jxl  syringe  through 


Capacity(mAh) 

Fig.  1 .  The  charge-discharge  curves  of  three  kinds  batteries  at  the  first  three  cycles,  (a)  CMS/LiCoC>2  battery;  (b)  CMS/LiM^CU  battery;  and  (c)  CMS/LiFePCU 
battery. 
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Fig.  2.  The  gas-chromatography  of  the  CMS/LiCoC>2  battery  under  normal  cycling  condition  (0.2C,  2.7-4.2  V).  Species  marked  in  the  figures  are  determined 
by  corresponding  MS  results. 


the  drilled  hole  and  the  Al-plastic  sealing  membrane,  and 
then  injected  to  the  GC-MS  equipment  immediately. 

3.  Results  and  discussion 

3.1.  Battery  performances 

Fig.  1  shows  charge  and  discharge  curves  of  the  battery 
with  different  cathode  materials  at  0.2 C  rate.  It  can  be  seen 
that  the  battery  performances  met  the  design  requirements. 


3.2.  GC-MS  result  analysis 

3.2.1.  Gas  generation  behaviors  inside  the  batteries 
under  normal  cycling  conditions 

GC-MS  measurements  were  performed  on  three  different 
batteries:  CMS/LiCo02  (Fig.  2),  CMS/LiMn204  (Fig.  3),  and 
CMS/LiFePC>4  (Fig.  4).  It  can  be  seen  that  the  gas  species 
are  same  for  all  batteries  under  normal  cycling  conditions, 
including  CO2,  CO,  CH4,  C2H4,  C2H6,  C3H6,  C3H8,  and 
C2H5F,  as  identified  by  MS  results.  These  components  ex¬ 
cept  the  last  species  have  been  reported  in  the  reference  [5]. 


RT(min) 


Fig.  3.  The  gas-chromatography  of  the  CMS/LiMn204  battery  under  normal  cycling  condition  (0.2C,  2. 7-4. 3  Y).  Species  marked  in  the  figures  are  determined 
by  corresponding  MS  results. 
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Fig.  4.  The  gas-chromatography  of  the  CMS/LiFePC>4  battery  under  normal  cycling  condition  (0.2C,  2.7-3.65  V).  Species  marked  in  the  figures  are  determined 
by  corresponding  MS  results. 


As  discussed  in  the  reference,  CH4,  C2H6,  C3H6,  and  C3H8 
are  produced  from  the  reduction  of  DEC  and  radical  on  the 
surface  of  anode.  CO  and  C2H4  are  generated  by  the  reduc¬ 
tion  reaction  of  EC.  CO2  gas  could  come  from  not  only  the  air 
inside  the  batteries  (dry  room,  containing  CO2  and  O2),  but 
also  can  be  generated  in  two  different  processes.  One  is  the 
oxidation  reaction  of  DEC  with  O2  containing  in  the  battery. 

(C2H50)2C0  +  602  ->  5C02  +  5H20  (1) 


or 

C2H6^  C2H5++H++2e-  (7) 

C2H5++F“^  C2H5F  (8) 

These  reactions  should  be  occurred  on  the  surface  of  cath¬ 
odes,  not  related  to  the  reactions  between  the  anode  and  the 
electrolyte. 


The  other  is  the  reaction  of  the  R0C02Li  with  trace  impuri¬ 
ties  (H2O)  and  HF  (decomposition  product  of  LiPF6)  in  the 
electrolyte  (ROCC^Li  is  produced  by  side  reaction,  which  is 
a  reaction  of  ROCO2R  with  lithium  ion  [7]): 

C2H50C02Li  +  HF  LiF  +  C2H5OH  +  C02  (2) 

2C2H50C02Fi  +  H20  ->  Fi2C03  +  2C2H5OH  +  C02 


3.2.2.  Gas  generation  behaviors  inside  the  batteries 
under  overcharge  condition 

Fig.  6  is  the  gas  generation  behavior  under  different 
charging  voltages  of  the  FiCo02/CMS  battery.  Under  the 
low  current  density,  for  the  overcharge  condition,  the  species 
of  generated  gas  for  batteries  with  FiCo02  are  not  changed 
with  different  charging  voltages  (<5V).  But  the  amount 


(3) 

Above  results  also  show  that  the  kind  of  gas  product  is  not 
related  to  the  type  of  the  cathode  materials. 

The  species  of  C2H5F  is  identified  clearly  by  MS  in 
Fig.  5.  It  is  known  that  fluorinated  alkylate  (R-F)  can  be 
produced  via  the  electrochemical  oxidation  of  alkylate 
with  HF.  Actually,  trace  amount  of  HF  is  dissolved  in  the 
electrolyte  due  to  the  existence  of  trace  H2O  inside  the 
practical  lithium-ion  batteries.  And  C2Hs*  radical  and  C2H6 
are  originated  from  the  reactions  of  the  anode  with  the 
electrolyte  [5].  Therefore,  there  are  two  possible  reactions 
to  form  C2H5F  as  listed  below: 

C2H6^  C2H6++e-  (4) 

C2H6+  -*  C2H5*  +  H+  (5) 

C2H5'  C2H5+  +  e-  (6) 
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Fig.  5.  The  MS  of  C2H5F  detected  out  from  the  batteries. 
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Rt(min) 

Fig.  6.  The  gas-chromatography  of  the  CMS/LiCoCF  battery  under  different  charging  voltages  (a)  4.2  V  (solid),  (b)  4.5  V  (dash),  and  (c)  5.0  V  (dot).  Species 
marked  in  the  figures  are  determined  by  corresponding  MS  results. 


of  gases  increases  with  the  rising  of  charging  voltage, 
especially  for  CO2  gas.  It  is  known  that  O2  is  generated  as 
a  result  of  the  decomposition  of  the  overcharged  delithiated 
LiCo02  [7]  as  in  Eq.  (9). 

3C0O2  — C03O4  +  O2  (9) 

It  is  obviously  that  higher  charging  voltage  will  lead  to  the 
production  of  larger  amount  of  O2  gas  so  that  more  CO2  gas 
is  produced  from  the  reaction  (1)  consequently. 

Fig.  7  shows  the  gas  generation  behaviors  under  different 
charge  voltage  of  the  LiM^C^/CMS  battery.  When  charged 
to  4.5  V,  being  different  with  the  case  of  LiCo02  system, 
C2H2  is  also  detected  out  and  its  amount  is  increased  with  the 


rising  of  charge  voltage.  As  for  LiFeP04  cathode  (see  Fig.  8), 
when  charged  to  4.5  V,  the  relative  intensity  of  C2H2  peak  is 
higher.  When  charged  to  5.0  V,  more  C2H2  gas  product  is 
produced.  Based  on  above  results,  the  production  of  C2H2  is 
related  to  the  type  of  cathode  materials  and  charging  voltage. 

We  suggest  that  C2H2  is  produced  from  the  electrochem¬ 
ical  oxidation  reaction  of  C2H4  on  the  surface  of  cathode  as 
Eq.  (10). 

C2H4^  C2H2*  +  2H++2e"  (10) 

Under  overcharging  condition,  comparing  the  oxidation 
ability  of  these  cathode  materials,  delithiated  FiCo02  gener¬ 
ates  more  O2  than  others.  The  electrolyte  and  alkylates  are 


Rt(min) 

Fig.  7.  The  gas-chromatography  of  the  CMS/LiM^CU  battery  under  different  charging  voltages  (a)  4.3  V  (solid),  (b)  4.5  V  (dash),  and  (c)  5.0  V  (dot).  Species 
marked  in  the  figures  are  determined  by  corresponding  MS  results. 
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Fig.  8.  The  gas-chromatography  of  the  CMS/LiFePC>4  battery  under  different  charging  voltages  (a)  3.65  V  (solid),  (b)  4.5  V  (dash),  and  (c)  5.0  V  (dot).  Species 
marked  in  the  figures  are  determined  by  corresponding  MS  results. 


oxidized  to  form  CO2.  Similarly  to  the  reaction  (1),  C2H2 
could  be  also  oxidized  further  to  transform  into  CO2  as  Eq. 

(id, 

C2H2  +  302  +  2H+^  2C02  +  2H20  (11) 

Therefore,  it  is  reasonable  that  C2H2  is  not  detected  out 
and  more  CO2  is  found  in  the  case  of  LiCoC>2  system.  Obvi¬ 
ously,  reaction  (1 1)  is  the  third  way  to  form  CO2  in  the  case 
of  LiCo02-system. 

While  it  is  difficult  for  delithiated  LiMn204  to  give  out  O2, 
the  oxidation  ability  is  not  as  strong  as  LiCo02.  Therefore, 
it  can  oxidize  alkylates  partially  to  form  CO2  and  C2H2  is 
still  observed.  As  for  LiFeP04  cathode,  the  oxidation  ability 
of  this  delithiated  material  is  very  poor  even  at  overcharging 
state.  Consequently,  more  C2H2  gas  is  detected  in  this  case. 

Based  on  above  analysis,  it  is  suggested  that  the  amount 
of  C2H2  inside  the  practical  lithium-ion  batteries  under 
overcharging  condition  can  be  used  to  indicate  the  ox¬ 
idation  ability  of  delithiated  cathode  materials.  Accord¬ 
ingly,  oxidation  ability  of  these  three  cathode  materials  is 
LiCo02  >  LiMn204  >  LiFePCU. 

It  is  well  known  that  the  safety  order  of  the  lithium- 
ion  batteries  for  the  same  electrolyte  and  anode  is 
FiFePCU  >  FiMn204  >  FiCoC>2.  According  to  above  analysis 
and  results,  more  fusible  gas  (C2H2)  is  produced  in  the  case 
ofFiFeP04  battery.  Therefore,  the  safety  of  a  lithium-ion  bat¬ 
tery  should  be  not  related  simply  to  the  type  of  combustible 
gas  species  inside  the  battery,  but  probably  the  amount  of  the 
gas.  The  cathode  materials  with  stronger  oxidation  ability 
may  lead  to  the  production  of  larger  amount  of  gas,  higher 
internal  pressure  of  the  battery,  and  large  quantity  of  heat 
from  the  reaction,  which  decreases  the  battery  safety. 


4.  Conclusions 

It  is  found  that  gas  generation  behaviors  under  normal 
charging  condition  are  not  related  to  the  type  of  cathode 
materials.  While  under  overcharging  condition,  the  amount 
and  the  type  of  gas  species  are  influenced  significantly  by 
the  oxidation  ability  of  the  cathode  materials.  More  C2H2 
is  produced  in  FiFePC>4  battery  due  to  its  weak  oxida¬ 
tion  ability  and  more  CO2  is  formed  in  FiCo02  battery 
because  of  its  strong  oxidation  ability.  The  production  of 
C2H2  can  be  used  as  a  probe  to  compare  the  oxidation 
ability  of  the  cathode  material.  It  is  found  that  the  order 
of  the  oxidation  ability  for  three  cathode  materials  under 
overcharging  state  is  FiCo02  >FiMn2C>4  >FiFeP04.  In  ad¬ 
dition,  C2H5F  is  also  detected  out  as  gas  product  in  all  bat¬ 
teries  under  normal  or  overcharging  condition.  It  is  produced 
from  an  electrochemical  oxidation  reaction  from  C2H6  with 
HF. 
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